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The distribution and role of sulphur-oxidizing micro-organisms in soils and on vegetation exposed to atmospheric 
sulphur deposition from a coking works, refractory brick and steelworks is discussed. The following trends were 
found: 


(i) Soils ano Il leaf washings from vegetation downwind of the pollutant source contained elevated ievels 
of 5203^7 ; Syg? ~ and S04? . The first two ions are unlikely to reach the environment from the 
serinephare, but are products of the microbial oxidation of reduced sulphur. 


(ii) Higher numbers of thiobacilli and sulphur-oxidizing fungi were found in polluted soils and leaf 
washings compared with the number found isolated from non-polluted substrates. 


(iii) The activity of rhodanase, an enzyme associated with microbial sulphur oxidation, was higher in 
polluted than in non-polluted soils. 


(iv) Atmospheric pollution deposits (largely consisting of soot) appear to be a source of reduced sulphur 
species which are mineralized or oxidized by micro-organisms. Sulphur oxidizers can release sulpnur 
ions from this complex substrate, both in vitro and in soils. 


iy) Increases in the concentrations of sulphur ions and sulphur-oxidizing micro-organisms occurred in 
unpolluted soiis when left at the polluted site. 


Sulphur-oxidizing micro-organisms undoubtedly contribute sulphur ions to soils subjected to atmosphegte ma ope 


Geposits, but, as yet, we are unable to quantify this contribution. The microbial production of S203% and S4O¢ 
polluted soils may be of some significance, since micro-organisms can reduce these ions to carbon disulphide. 
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INTRODUCTION 


Soils which are subjected to atmospheric sulphur 
deposition are generally more acidic and contain 
higher concentrations of sulphate than do similar, but 
unpolluted, soils.* Katz et al.? were amongst the first 
to report a decrease in soil pH due to sulphur 
emissions, observing that the pH of soil 20 km 
downwind of a smelter was 3.5 compared with an 
unpolluted value of 5.6 The spatial patterns of 
sulphfir-accumulation as sulphate, by both vegetation 
and soils in the vicinity of industrial centres were 
reported by Moss,? and more recently by Killham and 
Wainwright. A clear correlation thus undoubtedly 
exists between a decrease in the concentration of soil 
sulphate and increasing distance away from 
atmospheric pollution sources.* It is generally 
assumed that the low pH and high sulphate 
concentration of air-polluted soils result exclusively 
from the input of sulphuric acid, formed by the abiotic 
oxidation of sulphur dioxide in the atmosphere. On the 
other hand, the possibility that micro-organisms may 
oxidize reduced sulphur in these soils and thereby 
produce H* and sulphate ions appears to have been 
generally overlooked. 

In 1977 we began a series of investigations to 
determine whether or not microbial sulphur oxidation 
occurs in soils subjected to heavy atmospheric sulphur 
deposition. The soils chosen for these studies were 
subjected to gaseous and particulate pollution from 
various industrial sources, including refractory 
brickworks and coking and steelmaking plants. The 
ambient sulphur dioxide concentration at all of these 
sites is high, and much of the vegetation is covered 
with a thin layer of atmospheric-pollution deposits 
(APD), a feature which later proved to be of 
considerable significance in relation to sulphur 
oxidation in these environments. 

These studies are reviewed here in an attempt to 
make an appraisal of the role of micro-organisms in 
sulphur oxidation in soils which are exposed to 
atmospheric sulphur deposition. 


SOILS AND ANALYTICAL METHODS 


The soils used in these studies were all brown earths 
which showed signs of podzolization. Samples were 
taken from below, and from points at a distance away 
from, canopies of sycamore (Acer pseudoplatanus Ls 
The sampling techniques and methods of analysis are 
referred (2 in more detail elsewhere.*~? Viable 
counts of sulphur-oxidizing micro-organisms were 
determined by the dilution plate count method, using 
the media of Wieringa? and Wainwright,’ for the 
enumeration of thiobacilli and sulphur-oxidizing fungi 
respectively. Sulphur ions were extracted irom soils 
using lithium chloride(0.1M); sulphate was determined 
turbidimetrically,® while S, O,* and $3037 were 
determined colorimetrically. 

Atmospneric pollution deposits (APD) were removed 
from sycamore leaf surfaces by dry brushing; leaf 
debris and aphids were then removed by dry-sieving. 
Total soil nitrogen and organic carbon were 
determined using Kjeldahl and modified Walkley and 
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Black methods, and soil pH was measured with a glass 
electrode using a | : i soil : water extract shaken for 
15 minutes. Arylsulphatase and rhodanase activities 


were determined by the methods described ay 
Tabatabai and Bremner, `“ and Tabatabai and Singh! 
respectively. 


RESULTS AND DISCUSSION 


Distribution of sulphur-oxidizing micro-organisms 


Both chemolithotrophic bacteria (thiobacilli) and 
sulphur-oxidizing fungi were isolated at higher 
frequency from polluted leaf surfaces, litter and soils 
than from corresponding samples taken from 
unpolluted sites (Tables I, II). Thiobacilli were not 
isolated from any of the unpolluted leaf and litter 
samples, and occurred at only very low frequency in 
unpolluted soils. Sulphur-oxidizing fungi, on the other 
hand, were isolated from unpolluted soils, but not from 
litter or leaf-surfaces (Tables I, II). 

Thiobacillus thioparus was 


the species of 


Thiobacillus most frequently isolated from polluted 


leaf surfaces, while T. novellus predominated on litter 
and in soils at the polluted sites. Alternaria tenuis; 
Aureobasidium pullulans and Cephalosporium sp. were 
the species of sulphur-oxidizing fungi most frequently 
isolated from polluted leaf surfaces, while Penicillium 


sp. predominated in soils. These results must, 
however, be considered with due regard to the 
inadequacies of the dilution count for the 


quantification of fungi in soils - in particular, the way 
it tends to favour heavily sporulating species. The 
apparent predominance of Penicillia may thus merely 
reflect the marked spore-forming ability of members 
of this genus. The microbiology of the phylloplane has 
been extensively studied, although leaf surfaces which 
are polluted with particulate deposits do not appear to 
have been widely studied. Smith,*°* however, showed 
that the surfaces of urban vegetation were frequently 
covered with particulates and that, as a result, urban 
trees often act as a sink for particulate pollutants. A 
typical scanning electron microscope view of the 
phylloplane of sycamore covered with deposits from a 
coking plant is shown in Fig. l. Angular deposits of 
soot are seen to be overgrown by fungal mycelium and 
yeast-like organisms. APD obtained from these leaf 
surfaces contained a variety of chemical components, 
including Shog but surprisingly no 5203% (Table 
UD. The presence of carbohydrates anc amino acid 
nitrogen (presumably released a; leaf and aphid 
exudates) means that these deposits are likely to 
provide a good source of nutrients for microbial 
growth. The distribution of APD on sycamore bushes 
is shown in Table [V. Most of these deposits were 
found in the lower part of the canopy, from where they 
are likely to be washed into the soil. 
Atmospheric-polluted soils, like vegetātion and 
litter, consistently contained greater populations of 
suiphur-oxidizing micro-organisms than did similar, Dut 
unpolluted soiis*” (Table fl). Highest counts were also 
found under sycamore canopies, where their 
distribution showed the classical pattern for sou 
micro-organisms in being concentrated in the topmost 


ver and inen decreasing in number down the profile 
able II). The occurrence of significant populations of 
sulphur-oxidizers in these soils is presumptive evidence 
that sulphur oxidation is taking place, the presence of 
obligate chemolithotrophs being direct evidence of 
this. Rhedanase (thiosulphate cyanide sulphur- 
ransferase) activity was also higher in polluted than in 
non-polluted soils 14 (Table V). This enzyme catalyses 
the formation of thiocyanate from thiosulphate and 
cyanide 


ia 
T 


(S9037° + ON" = SENF +5047, 


and it has been implicated in the microbial conversion 
of thiosulphate to sulphite in soils. High levels of 
activity of this enzyme therefore provide further 
evidence for microbial sulphur oxidation in soils 
subjected to heavy suiphur deposition. 

Investigations into the distribution and role of 
sulphur-oxidizers in polluted soils led us into detailed 
studies on the role of fungi in sulphur oxidation in 
soil. The ability of these organisms to oxidize the 
element has long been recognized,*~ but their role in 
sulphur-oxidation in the environment has been 
neglected. Most fungi, even those isolated from soils 
which have not been enriched with sulphur, have the 
ability to oxidize sulphur in vitro.*? F. solani can also 
oxidize the element in both autoclaved soil (inoculated 
with spores of F. solani) and in non-sterilized soiis.! 
More recently, we have also shown that 
sulphur-oxidation by ` Aureobasidium pullulans is an 
enzymatic process. 


Distribution of suiphur-ions 


Leaf and litter washings and soils sampled from the 
polluted sites contained higher concentrations of 
sulphur oxyanions ($5057 540373 Ra and 5047 
than did samples obtained from unpolluted sites 
(Tables V1, VII, VII). in soil, the highest concentration 
of these ions was found under tree canopies, with their 
concentration decreasing down the profile. A direct 
correlation therefore exists between the numbers of 
sulphur-oxidizing micro-organisms in these soils and 
the distribution of sulphur-containing ions. Sulphate 
was by far the most prevalent of the sulphur 
containing ions studied in the polluted soils. 

It is unlikely that the two thiosalts ($30377, and 
Mog) would reach the soil in precipitation, as they 
would be readily oxidized to sulphate. Analysis of 
rainfall at these sites showed ihis to be the case. Both 
these ions are however, intermediates or by-products 
of the microbial oxidation of sulphur in soils, so 
the presence at high concentrations in sulphur- 
polluted soils is further presumptive evidence of 
microbial sulphur oxidation. 

A question whicn arose early on in these studies 
was: lf microbial sulphur oxidation occurs in the 
polluted soils under investigation, then what is the 
source of reduced sulphur which these organisms are 


oxidizing? As mentioned above, reduced forms of 
Sulphur are unlikeiv to reach soils from the 
atmosonere. This is presumably one of the main 


reasons why the role of micro-organisms in suiphur 


in vitro 
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cycling in air-polluted environments has not previously 
been considered. The most obvious likely source of 
reduced sulphur available for microbial oxidation 
appeared to be the APD found on leaf-surfaces at the 
polluted sites.” Both thiobacilli and sulphur-oxidizing 
fungi were shown to be capabie of growing on APD as 
sole nutrient source, and in releasing sulphur ions from 
this complex resource. Micro-organisms are 
presumably capable of mineralizing the organic sulphur 
present in these deposits, so, as yet, we are unable to 
quantify how much of the sulphate which is released 
from these APD results directly from microbial 
sulphur oxidation. Addition of APD to polluted soils 
leads to an increase in the concentration of both 
sulphur- and nitrogen-containing ions? (Fig. 2) and it 
is probable that APD could, on microbial 
transformation, supply available nutrients to plants 
which are capabie of growing in air polluted 
environments. 

Our most recent experiments on sulphur oxidation in 
soils subjected to atmospheric sulphur deposition have 
involved transferring soil samples from polluted to 
unpolluted sites and vice versa to monitor changes 
which occur when a polluted soil is removed from the 
influence of sulphur deposition and, conversely, the 
effects of such deposition on unpolluted soils. When 
unpolluted soils were exposed to pollution from _a 
coking works, an increase in S,O,* and $203" 
occurred, (Fig. 3), together with increases in the 
numbers of sulphur-oxidizing fungi and thiobacilli. 
However, when samples of polluted soil were 
transferred to unpolluted sites, the expected decrease 
in the concentration ot these ions did not occur (Fig. 
3). Sufficient reduced sulphur (presumably in the form 
of APD))must have been present in these polluted soils 
to allow for microbial sulphur oxidation to continue, 
and as a result the thiosalt content of these soils did 
not decrease. 

There is no doubt, on considering the trends 
demonstrated above, that soils which are subjected to 
atmospheric sulphur deposition from coking plants, 
steelworks and refractory brickworks contain higher 
numbers of sulphur-oxidizing micro-organisms and 
higher concentrations of sulphur. oxyanions than do 
similar but unpolluted  soils.+: Independent 
verification that microbial sulphur oxidation can occur 
in air-polluted environments was recently reported by 
Lett! et al.2? for Czechoslovakian spruce forest soils 
exposed to pollution from power stations (presumably 
coal-fired). 

Our studies have been concerned with sites exposed 
to pollution including high particulate loadings, and as 
yet we cannot say whether or not similar trends would 
be found in environments which are polluted by 
effluents low in particulates, or where particulates are 
present but lack reduced sulphur. We have recently 
shown, however, that air-polluted soils often contain 
high numbers of sulphite-oxidizing thiobacilli, so it is 
possible that microbial sulphur oxidation could be 
important in soils which receive sulphur principaily in 
the form of sulphurous acid or sulphur dioxide gas. 

To date, we are also unable to quantify the relative 
amounts of sulphur oxidation products in polluted soils 
which are derived from the atmosphere rather than 
from microbial sulphur oxidation. It wouid seem 


likely, however, that compared with abiotic inputs, 


microbial sulphur oxidation contributes only a 
relatively small amount of sulphate to the 
environment. 


The significance of microbial sulphur oxidation in 
these soils may, however, lie less in the formation of 
sulphate than in the production of $403" and 
Sy Og". Minami and Fukishi^ showed that both of 
these ions could be reduced to carbon disulphide in 
soils which had been treated with organic matter and 
then waterlogged to make them anaerobic. One can 
thus envisage a series of microbial transformations 
occurring in air polluted soils, as shown in Fig.4. 

Finally, the microbial production of thiosalts in 
these soils could possibly result in a reduction in the 
toxic effects of heavy metals on fungi. Thiosalts, 
particularly S203, can reduce the toxicity of a range 
of heavy metals to fungi, both in vitro and in soils - a 
phenomenon which, to some extent, may protect fungi, 
enabling them to grow in environments which are 
polluted with both heavy metals and reduced forms of 
sulphur. 
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Site 


Coking works 
Refractory brickworks 
Smokeless fuel plant 

+ power station 
Unpolluted 


(Wainwright 13) 


Profile Depth (mm) 
(Sub-canopy) 


0-20 
20-40 
40-60 
60-39 

80-100 


Unpolluted 
(Sub-canopy) 
0-20 mm 


Table I 


Numbers of S-Oxidizing Micro—Organisms on Poiluted 
Phyliopiane and Litter (1 x 10“/g) 


Phyiloplane 
Thiobacilli S.ox.fungi Thiobacilli 
52 +6.8 31 +7.5 214 +5.2 
99 +26.5 19 +5.0 219 +4.8 
24 +9.4 15 +4.2 302 +24 
0 0 0 
Table II 


Distribution of S-Oxidizing Micro-Organisms Down a Profile of 
Soil Exposed to Air-Pollution from a Refractory Brickworks 


S.ox. Fungi 
(1 x 104/g) 


226 +3.5 
224 44.7 
84 +5.8 
40 +1.5 
28 +1.5 


64 +1.9 


Table IN 


Composition of APD from Leaf Surfaces of Sycamore Exposed 
to Coking Works Pollution 


Component Concentration 
ug/g dry wt 

Amino acid-N 200 +15.0 
NO37 N 4.7 =0.3 
Phenols 80 +10.8 
ES 28 +3.5 
50,,2°-5 230 +26.5 
Total S (% w/w) 1.5 +0.2 
Organic C (% w/w) 16 +2.6 
Carbohydrate (% w/w) 0.4 +0.1 


431 


Litter 


S-ox. fungi 


56 +1.2 
35.3 +3.0 


40 +2.0 


oO 


Thiobacilli 
(1 X 102/g) 


252 +3.9 
278 +3.1 
146 +2.5 
68 +2.0 
20 +0.9 


130 +4.6 


Table IV 


Distribution of APD on Sycamore Growing Downwind of a 
Coking Works 


Height Above Dry wt. APD, 
Ground, m mg/leaf 


120 
109 
73 
30 
10 
8 
2 


MOU fF WN 


Table V 


Distribution of Rhodanase Activity Down Profiles of 
Polluted and Unpolluted Soils 


Rhodanase Activity 


Profile Depth SCNT formed/g soil/h 
Polluted Soil Unpolluted Soil 
9-20 135.3 +13.5 137 +0 
20-40 308.7 +5,3 171 +33 
40-60 336.7 +8.3 135 +28 
60-80 189.1 +12 135 +19 
80-100 167.5 +18 130 +10 
Table VI 


Effect of Canopy on Soil pH and Distribution of 
S-lons and S-Oxidizing Micro-Organisms in Soils Exposed to 
Pollution from a Refractory Brickworks 


Site pH SoA $02" 05" Thiobacilli S.ox.fungi 
(1 x 102/g) (1 x 104/g) 

Below canopy 39 37.5 43.5 25.5 42.1 26.2 35.3 366 +13.7 226 4.2 

Away irom canopy 4.6 13,7 4.7 8.3 0.3 7.2 2.4 174 4.9 150 33.6 

All values for measurements determined on samples taken from non-canopy solls are significantly different (p = 9.93 


from those obtained using sub-canopy soils. 


Site 


Coking Works 
Refractory Brick 
Works 

Steelworks 
Unpolluted 


Table VI 


Concentration of S° and S-Ions on Polluted 
Phyliloplane and Litter 


Phylloplane 
2- 2- 

SgOg SO, S9 
213.1 3.7 - 
158.7 4.5 - 
410.7 4.0 - 

0 0 4 


Expressed as g/g dry wt of sample except 50; which is expressed as mg/g dry wt.{-), not determined. 


{Wainwright**) 


Profile Depth, mm 
(Sub-canopy) 


0-20 
20-40 
40-60 
60-30 

80-100 


Unpolluted 
(Sub-canopy) 
0-20 


Table VII 


Distribution of S-Ions Down a Profile of Soil Exposed to 


Air-Pollution from a Refractory Brickworks 


Total S 


860 +112 
+96 
+50 


870 
400 
350 


350 


+32 


2- 2- 
SOz ; 5406 
(ug/g soil) 
35 +6.0 27 +2.0 
38 +5.0 27 +2.0 
20 +3.0 80 +1.0 
16 +4.0 4.5 +0.5 
9 +1.0 4.0 +0.5 
8.7 +1.0 2.0 +0 
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Fig. 1: Scanning Eiectron Micrographs of Adaxiai Surfaces of Sycamore. 
A: APD-Contaminated 
B: Unpoliuted 
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Fig. 2: Increases in Sulphur lon Content of Soils Unamended 
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Fig. 3: Changes in S,0,’- and S,0,’- Concentration in Polluted and Unpolluted Soils 
Left at (A) the Polluted Site and (B) the Unpolluted Site 
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Fig. 4: Schematic Representation of Some Sulphur Transformations in Soils 
Exposed to Atmospheric Sulphur Deposition. 
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